lapse in the presence of collapsin-1. Thus, AP-collapsin-1 is an effective tool for localizing the distribution of functional collapsin receptors.
. An Annotated Alignment of Collapsin-1, -2, -3, and -5
Sequence of collapsin-1 (Coll-1), -2 (Coll-2), -3 (Coll-3), and -5 (Coll-5) aligned using the CLUSTAL program. Putative signal sequence, semaphorin domain, specificity domain (dotted bar), Ig domain, and C-terminus basic tail are demarcated and labeled above the aligned sequences. Identical amino acids among the three sequences are replaced by periods in Coll-2, Coll-3, and Coll-5. Conserved cysteine residues (17) are indicated by asterisks. Likely proteolytic cleavage sites are indicated by carrots.
AP-Tagged Collapsin-1, -2, -3, and -5 Bind
There is no detectable AP-collapsin-2 binding. AP-colOverlapping but Distinct Patterns lapsin-5 binds only to the peripheral nerves but not to on Tissue Sections the dorsal columns. When describing the cytoarchitecIn order to examine the distribution of receptors for ture of the tectum in this paper, we use the nomenclature collapsin-1, -2, -3, and -5, we fused the catalytic domain established by LaVail and Cowan (1971) . In E10 tectum, of AP to the amino-terminal end of the coding region of AP-collapsin-1 and AP-collapsin-3 bind to layers iii, iv, each of the different collapsins. The conditioned media v, vii, and ix. AP-collapsin-2 binds weakly to layers vii from 293T cells transfected with these different conand ix while AP-collapsin-5 binds strongly to only layers structs was diluted with medium and thereby normalized vii and ix. An unidentified tract in anterior diencephalon to contain the same total amount of AP activity. In the is labeled by AP-collapsin-5 probe but not by AP-colcase of collapsin-1 probe, ‫02ف‬ times the concentration lapsin-1 probe. We have therefore found anatomical required to cause 50% growth cone collapse was apstructures that bind only AP-collapsin-1, only AP-colplied to each section. At a concentration of 30 pM, collapsin-5, or both probes. lapsin-1 collapses 50% of explanted dorsal root ganNeuropilin is normally expressed in several tectal layglion growth cones; therefore, we estimate the probe ers (Takagi et al., 1995) . Antibodies to neuropilin strongly concentration applied to each section was 600 pM.
label layers v and ix and more weakly stain layers iii, iv, Equal concentrations of AP-collapsin-1, -2, -3 or -5 were and vii of E10 tectum (Takagi et al., 1995) . In E5 spinal incubated on fresh frozen sections from embryos at cord, these antibodies label dorsal columns, the ventral different developmental time points. In Figure 2 , we roots, and peripheral nerves. These are the same strucshow the binding of these probes to adjacent sections tures that bind AP-collapsin-1 and -3. The hippocampus of a stage 27 chick spinal cord. AP-collapsin-1 and APand olfactory nerves also all express high levels of neucollapsin-3 bind to the dorsal columns as well as peripheral nerves, motor neurons, and the sympathetic chains.
ropilin and bind AP-collapsin-1.
Neuropilin Expressed in COS Cells Binds
Collapsin-1, -2, -3, and -5 with Similar Affinities Neuropilin has been reported to be a potential receptor for collapsin-1. To test the specificity with which neuropilin interacts with collapsin-1, we transiently transfected eukaryotic cells with an expression vector containing the neuropilin cDNA and studied the ability of the four secreted chick collapsins to bind to neuropilinexpressing cells. Twenty-four hours after the transfection, the cells were incubated with dilution series containing equal amounts of AP-tagged collapsin-1, -2, -3, or -5 probe. We incubated the transfected COS cells with 200, 600, or 2000 pM AP-collapsin-1 ( Figure 3A ). For the other probes, a matched amount of AP was added. All four semaphorin family members bind to neuropilin in a dose-dependent manner and with similar apparent affinities. None of the semaphorin family members bound untransfected cells. Both He and TessierLavigne (1997) and Kolodkin et al. (1997) have shown that AP does not bind to neuropilin.
Both the Amino-and Carboxy-Termini of Collapsin-1 Bind Neuropilin Expressed in COS Cells
Secreted members of the semaphorin family contain three recognizable structural domains: the amino-terminal semaphorin domain, an immunoglobulin domain, and a carboxy-terminal basic domain. To determine which of these domains can bind to neuropilin, we engineered two constructs. The construct in which the semaphorin domain was deleted we have named AP-Igbasic. The construct that is missing the Ig and basic domains we have named AP-semaphorin domain. These proteins were incubated on COS cells expressing recombinant neuropilin. AP-Ig-basic bound to neuropilin with almost the same affinity as AP-collapsin-1. To achieve equal staining intensities with AP-collapsin-1 and AP-Ig-basic, we needed to apply three times more AP activity of AP-Ig-basic ( Figure 3B ). AP-semaphorin domain could also bind neuropilin, but to detect the binding, we needed to probe with undiluted 293T conditioned media and incubate with the AP reaction mixture 15 times longer. Although this data is not quantitative, it suggests that the carboxy tail binds neuropilin with higher affinity than the semaphorin domain. Our results agree with the observations of He and Tessier-Lavigne (1997) who have found that the basic tail of collapsin-1 accounts for a large measure of fulllength collapsin-1's affinity for neuropilin, while the semaphorin domain accounts for less. Kolodkin et al. (1997) have demonstrated that antibodies generated against the MAM domain of neuropilin, an acidic domain implicated in protein-protein interactions, can block the 1993). These results are consistent with a model in which (A) These probes labeling transverse sections of stage 27 chick spinal cord and E10 tectum. AP collapsin-1 binds to dorsal columns (DC), motor neurons (MN), and peripheral nerves (PN). AP collapsin-2 does not bind the dorsal columns. AP collapsin-3 binds to the dor-(NE). AP collapsin-2 binds layers vii and ix weakly. AP collapsin-3 sal columns, motor neurons, and the peripheral nerves. AP colbinds layers iii, iv, v, vii, and ix. AP collapsin-5 labels only layers vii lapsin-5 does not stain the dorsal columns but labels the peripheral and ix. nerves. In E10 tectum, AP collapsin-1 binds to layers iii, iv, v, vii, (B) A tract in anterior diencephalon that is bound by AP collapsin-5, and ix but not the stratum opticum (SO) nor the neuroepithelium but is not stained by AP collapsin-1.
the positive charges in the basic domains of collapsin-1 and the negative charges in the MAM domain of neuropilin contribute to high-affinity binding.
Carboxy-Terminal Domains of Collapsin-5 and -1 Bind Neuropilin in Vitro and Bind to the Same Anatomical Structures In Vivo
Experiments in a companion paper suggest that the Ig and basic domains can be substituted among the different collapsins without affecting their biological activity (Koppel et al., 1997 [this issue of Neuron] ). For example, when the Ig and basic domains of collapsin-2 or -3 are appended to the semaphorin domain of collapsin-1, the activity of the chimeric proteins cannot be distinguished from native collapsin-1. Thus, the Ig and basic domains do not endow the full-length collapsins with functional specificity. We wished to determine which domains within the different collapsins endow them with their unique in situ binding specificities. Figure  4A shows that cells incubated with matched concentrations of the AP-Ig-basic of collapsin-1 or -5 label neuropilin-expressing COS-7 cells with the same intensity. Thus, the carboxy-terminal domains of collapsin-1 and -5 bind to neuropilin equally. When these same two probes are used on sections, both probes bind to the same neuropilin-expressing tectal layers recognized by collapsin-1 ( Figure 4B ). Thus, in tectum, Ig-basic of collapsin-5 binds to tectal layers that full-length collapsin-5 does not. Approximately a 10-fold higher concentration of either of these Ig-basic probes was required to achieve a staining intensity comparable to that of APcollapsin-1.
The Semaphorin Domain Determines In Situ Binding Specificity
To test whether the semaphorin domain or the basic tail determines the specificity of in situ binding, we constructed two chimeric collapsin AP probes. One probe contained AP fused to the semaphorin domain of collapsin-1 and the Ig and basic domains of collapsin-5 (AP-chimera 1-5). The other probe contained AP fused to the semaphorin domain of collapsin-5 and the Igbasic domains of collapsin-1 (AP-chimera 5-1). In the chick tectum, AP-chimera 1-5 stains the same tectal layers as collapsin-1: labeling layers iii, iv, v, vii, and ix. In contrast, AP-chimera 5-1 shows an identical staining pattern as that of collapsin-5: labeling layers vii and ix that only a subpopulation of COS-7 cells express the protein and bind to the various AP-labeled collapsins. When neuropilin-expressing cells are probed with the same concentrations of collapsin-1, -2, -3, or -5, a similar intensity signal developed after 1 hr (A). Untransfected cells (arrow) are not stained by the AP-collapsin probes. Note the similar intensity reduction when less probe is used, thus eliminating the possibility that neuropilin binding sites were saturated. Both the Ig-basic domains and semaphorin domain of collapsin-1 can bind recombinant neuropilin. Binding of full-length APcollapsin-1, AP-Ig-basic domain, and AP-semaphorin domain (B) to recombinant neuropilin expressed on COS-7 cells. To achieve equal ( Figure 4B ). These results demonstrate that the semaThis is unlikely since it would imply that collapsin-1, -2, and -5 have different affinities for neuropilin, which is not phorin domain, not the basic tail, contains the sequence that imparts specific binding in situ.
the case. In addition, the in situ receptor sites are unlikely to be saturated with endogenous ligand. Thus, we infer that collapsin-1, -2, and -5 have unique receptors.
Discussion
If neuropilin were the functional receptor for collapsin-1, then we might predict that the different ligands Members of the semaphorin family have different biological activities (Hall et al., 1996; Koppel et al., 1997) .
would have different affinities for neuropilin. However, our second finding is that collapsin-1, -2, -3, and -5 all Knowledge about the receptors that transduce these various semaphorin signals is limited. Neuropilin has bind to recombinant neuropilin with comparable affinities. If neuropilin were the only protein responsible for recently been identified as a candidate collapsin-1 receptor (He and Tessier-Lavigne, 1997; Kolodkin et al., binding, then all the collapsins should bind identically in situ. Therefore, the in situ binding patterns cannot be 1997). What is unknown is whether neuropilin is the specific receptor for collapsin-1, the receptor for a subexplained by neuropilin alone, and we conclude that neuropilin alone is unlikely to be the functional receptor set of semaphorin family members, or a component of a receptor complex for all semaphorin family members.
for collapsin-1. We hypothesize that other differentially expressed cell surface proteins restrict and specify the To begin to address this question, we have compared the binding of collapsin-1, -2, -3, and -5 to recombinant unique collapsin binding patterns in situ. The companion paper showed that different semaneuropilin and in embryonic tissues.
These in vitro and in situ binding studies demonstrate phorins have unique biological activity profiles (Koppel et al., 1997) . It demonstrated that the semaphorin dotwo important findings. First, the in situ binding patterns of collapsin-1, -2, and -5 are different. These three limain is both necessary and sufficient for collapsin-1 activity while the Ig and basic domains potentiate its gands bind to overlapping, but distinct sets of cell surfaces. It would be difficult to ascribe these different function. Most importantly, if the Ig and basic regions of collapsin-2 or -3 are appended to the semaphorin binding patterns to different affinities between these collapsins and neuropilin. The structures stained by coldomain of collapsin-1, the resultant protein has a biological activity indistinguishable from collapsin-1. The lapsin-5 are not simply the structures labeled most intensely by collapsin-1. One explanation for the different specification of biological activities of semaphorin family members resides in the semaphorin domain. We in situ binding patterns is that these various cell types possess different receptors for collapsin-1, -2, and -5. therefore predicted that the semaphorin domain, not the Ig and basic domains, would be important in determining An alternative explanation is that these collapsins differentially displace endogenous collapsins from neuropilin.
the interactions between each collapsin and its unique receptor. To test this prediction, we made a series of specific semaphorin family members, and this interaction would govern particular semaphorin patterns of truncated and chimeric proteins and studied their ability binding and initiate a biological response. to bind recombinant neuropilin and their receptor sites in situ.
Experimental Procedures
As predicted, binding studies using chimeras between collapsin-1 and -5 demonstrate that the Ig and basic
Expression Plasmids
domains of these molecules are interchangeable. If the The expression plasmid used in this study, pAG-3, contains a chimeric collapsin contains the semaphorin domain of pcDNA3 backbone (Invitrogen), a CMV enhancer, a modified chicken collapsin-1, it will both bind and activate the collapsin-1 ␤-actin promoter, and a rabbit ␤-globin splice acceptor sequence receptor just as well as native collapsin-1. Interestingly, for enhanced protein expression.
We modified the expression plasmid by adding either an aminothe region of collapsin that interacts most avidly with terminus signal sequence 2xMyc-6xHis tag between HindIII and neuropilin, the Ig and basic domains, is not the region do not label. However, the staining pattern that is obtained with 600 pM of AP-collapsin-1 probe requires
Deletion Constructs
Deletion constructs were cloned into either pAG-NT (Ig deletion, incubation with 6 nM of the Ig-basic constructs.
semaphorin domain, semaphorin deletion) or pAG-CT (basic tail
One hypothesis that could account for these observadeletion) following PCR using specific oligomers that restricted coltions is that neuropilin is a common component of a (collapsin-1) and neuropilin. These affinities are similar to the lower-affinity binding site reported for sympa-
Cloning of Neuropilin
thetic neurons by collapsin-1 by Kobayashi et al. (1997) .
Oligos corresponding to the start and stop sequences of the cDNA
The high-affinity site could represent binding to a recepwere used to polymerase chain react this gene from an E10 chick brain library. This PCR product was subcloned into the pAG-NT tor complex made up of neuropilin and another unidenti- , 1991, 1992) . For the semaphorin family, the BglII-BamHI ligation, KNNV (AA 30) for (1) and (2) 
AP Fusion Protein Binding Assay
Chick embryos were embedded in OCT compound, and fresh frozen Ibá ñ ez, C.F., Ebendal, T., Barbany, G., Murray-Rust, J., Blundell, sections were cut. The sections were postfixed in precooled metha-T.L., and Persson, H. (1992) . Disruption of the low affinity receptornol at Ϫ20ЊC for 7-10 min. Care was taken not to allow the sections binding site in NGF allows neuronal survival and differentiation by to dry out. Sections were then washed with phosphate-buffered binding to the trk gene product. Cell 69, 329-341. saline (PBS), blocked with PBS containing 10% calf serum for 15 Kitsukawa, T., Shimono, A., Kawakami, A., Kondoh, H., and Fujimin, and incubated with AP-collapsin fusion protein for 1 hr at room sawa, H. (1995) . Overexpression of a membrane protein, neuropilin, temperature. 293T cell culture supernatant, which is transfected in chimeric mice causes anomalies in the cardiovascular system, with AP-Coll-1 construct, was diluted with PBS containing 10% calf nervous system and limbs. Development 121, 4309-4318. serum and used as a probe. AP-Coll-1 was used at a concentration Kobayashi, H., Koppel, A.M., Luo, Y., and Raper, J.A. (1997) . A role of 600 pM. Other variant fusion construct was used at the same for collapsin-1 in olfactory and cranial sensory axon guidance. J. concentration as AP-Coll-1 by measuring and standardizing the AP Neurosci, in press. activity contained in a defined volume. Measurement of AP activity Kolodkin, A.L., Matthes, D.J., and Goodman, C.S. (1993). The semawas carried out by blotting a dilution series of 293T cell culture phorin genes encode a family of transmembrane and secreted supernatant onto a nitrocellulose membrane and by comparing the growth cone guidance molecules. Cell 75, 1389-1399. color of AP reaction product, which allows the accuracy within a Kolodkin, A.L., Levengood, D.V., Rowe, E.G., Tai, Y.-T., Giger, R.J., factor of two. After incubation with the probe, the sections were and Ginty, D.D. (1997) . Neuropilin is a semaphorin III receptor. Cell rinsed with PBS and fixed with 60% acetone, 3% paraformaldehyde, 90, 753-762. and 20 mM HEPES (pH 7.0) for 3 min and washed with PBS. Endogenous AP activity was heat inactivated by incubating the sections at Koppel, A.M., Feiner, L., Kobayashi, H., Raper, J.A. (1997) . A 70 65ЊC for 3 hr, and sections were processed for AP in 100 mM Tris amino acid region within the semaphorin domain activates specific (pH 9.5), 100 mM NaCl, 50 mM MgCl2-0.1% Tween 20, 0.33 mg/ml cellular response of semaphorin family members. Neuron, this issue, nitroblue tetrazolium, and 0.05 mg/ml BCIP overnight at room tem-19, 531-537. perature. LaVail, J.H., and Cowan, W.M. (1971) . The development of the chick optic tectum. II. Autoradiographic studies. Brain Res. 28, 421-441.
